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NOMENCLATURE

B Beam. moulded of ship

CB  Block coefficient. CB=displacement/(LwlxBxT)

CF  Force coefficient vector, C = Force/(1/2 pU2 S)

C Hydrodynamic pressure coefficient, Cp =p/(l/2 pU2

C W Wave-making resistance coefficient, CW =Resistance/(1/2 pU2S)

Fn  Froude number. Fn =U/4 gL

g Gravitational acceleration

h Characteristic panel length

I Double body streamline coordinate

Lwl Length of a ship

n xn yn z  Unit normal vector component

p Hydrodynamic pressure

P Position vector, field point,'-P(xy.z)

Q Singular point on a singularity surface. Q=Q(&,rI.C)

r Distance, r=(x +y2 +z2 )/2

R Distance vector,V= P - = (x-&,y-rl.z-)

S Surface element bounded by four corner points and wetted surface area of ship

T Draught, moulded of ship

U Mean forward speed of ship

V Absolute velocity. V = "14

W. Weighting function used for least square methodJ
xy.z Coordinate system fixed on the body, or global coordinate system
*, Total velocity potential, + = 0 + #'

Disturbance velocity potential due to free surface wave

* Double body velocity potential

"k  Singularity parameter

V Rayleigh viscosity

4' Disturbance velocity potential, * -Ux + 4'

p Fluid density

0( ,.rl) Source strength distribution. *(&.r1) = co + o' + ah 1

E. Quadrilateral formed by projection of the corner points of S on (t.Vl)-plane
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Doublet strength distribution,2

(~r)= + + 11f + 1/2-r~ + r r V + 1/2T r 2

Local coordinate system

Nondimensionalized free surface profile.C = J.(U /2g)
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ABSTRACT

An advanced numerical scheme for computing the free surface flow about a
ship is presented. The present approach is a higher order panel method which
employs a parabolic quadrilateral as a basic element. It can represent an actual
curved ship hull surface more accurately with a smaller number of panels than is
possible with a fiat panel approximation. Singularity strength can vary linearly or
quadratically across the panel. A sample unbounded flow problem with an analytic
solution was considered first to validate the present approach and examine the
characteristics of accuracy and convergence compared with those of the
conventional low-order approaches (constant source strength across flat panel). The
Wigley hull and the Series 60, C =0.60 hull, which have been studied13
extensively, were selected for sample free surface flow computations. Comparisons
between calculated and experimental results show good agreement. A modified
body boundary condition was suggested to simulate a dry transom stern
numerically, and calculated results show good correspondence with test data.
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Taylor Research Center (DTRC) Ship Hydromechanics Department. and was funded by the Naval Sea Systems
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61153N, Task Area SR 0230101, and Work Unit 1522-070. Additional funding was provided to the third

author by the National Science Foundation under Grant Number ECS 8515174.

INTRODUCTION

Many attempts to predict the wave-making resistance of surface ships have been made since Michell's I

pioneering work at the end of the 19th century. However. due to a variety of difficulties, none of the existing

methods have been fully satisfactory. In the present work a comprehensive modern effort. using a higher-order

curved panel method, is adopted and applied to the computation of the free surface flow around a surface ship.

This choice was partially motivated by a limitation in the Hess and Smith approach2 observed in existing

computational implementations. The Hess and Smith approach uses flat panels with constant source strength
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over each panel. Methods employing this feature are quite sensitive to the geometric arrangement of panels. 3

Numerical problems arise when the solution is dependent on the variation of panel size and arrangement for a

given configuration. Such problems place severe limitations on the development of automatic panelling or other

complementary aids, which are important for ship designers in that they relieve users from the large amount of

hard work and numerous judgements associated with producing the input geometry needed for accurate

numerical solutions. Though the versatility of the Hess and Smith approach has been appreciated over the past

decade, the need for basic improvement has become increasingly evident. In the present work we have

employed a curved panel as a basic element. It is anticipated that the arrangement using curved panels will

require a smaller number of curved panels than would flat panels to approximate the actual surface of the ship

with the same degree of accuracy. Also, the source strength distribution on the body has been assumed to vary

linearly across each panel. For the solution of the free surface flow problem we distributed either sources or

doublets on the free surface. In the doublet network we have assumed quadratically varying doublet strengths

across each panel for the sake of consistency with its quadratic geometric description. For the purpose of a

later extension to the full nonlinear free surface boundary conditions, the software for curved free surface

panels has also been included as a runtime option.

The capability of the present approach was carefully examined by applying it to the computation of

unbounded potential flow problems first and then extending it to free surface flow problems. Comparison of the

numerical results of the unbounded potential flow around a sphere with the exact solution showed that the

present higher-order curved panel method gives a convergence rate of O(h2 ). while the rate of the zero-order

flat panel method is only O(h). where h denotes a characteristic length scale of the panel. Estimation of

numerical accuracy of the calculated results for a free surface flow problem is far more difficult. First, there is

no known analytical result with which to compare. Other difficulties are more specific and concern a variety of

numerical approximations involved in the treatment of boundary conditions and the infinite computational fluid

domain. Finally, one important quantity of interest, the wave-making resistance. is very small compared with

other quantities, such as the velocity potential and the free surface elevation. In this report emphasis is placed

on the accurate prediction of the free surface wave profile along a ship hull instead of on the wave-making

2



resistance. The prediction of the wave profile implies the detailed description of local flow phenomena while the

wave-making resistance is a global quantity usually obtained by integrating the pressure. which is a local

quantity, along the hull surface. It may be fruitless to attempt a computational method for an accurate

prediction of the wave-making resistance without first achieving a corresponding accuracy of the local

phenomena. It is also noted that none of the existing numerical schemes have been systematically verified for

convergence and for the numerical approximations employed. The results have been shown to vary dramatically

depending on such factors as the panel density and the numerical truncation of the computational fluid

domain. 3 In this report the numerical results are carefully examined and the results are found to be quite

robust with respect to changes in the truncated computational domain and both the ship hull and free surface

panel density.

The numerical modeling of the free surface flow around a surface ship with a dry transom stern is an

another major challenge for a modern free surface problem code. One of the outstanding features of the

present analysis scheme SWIFT(Ship Wave Inviscid Flow Theory) is the treatment of the transom stern hull

characteristic. This feature is particularly important for the Navy because most fast combatant ships have

transom stern hulls. In addition, the numerous efforts for application of SWIFT to ship design and per-

-formance evaluation problems have motivated the development of extensive pre-processor codes (PANHULL)

and post-processor software (PLTPRG) for geometry definition and graphic presentation.

Validation computations for the free surface flow problem have been made for the Wigley hull and the

Series 60 hull, CB = 0.60, for which extensive experimental measurements are available. Transom stern ship

hulls have also been considered in detail. Here, emphasis has been given to the numerical results of wave

profiles and comparisons with the experimental measurements. Predicted longitudinal wave cuts away from the

ship have also been compared with the measurements.

3



MATHEMATICAL FORMULATION

We consider a ship which moves in the positive x-direction with constant forward speed U. It is convenient

to introduce a Cartesian coordinate systemT = (x,y.z) translating with the ship as shown in Fig. 1. The z=O

plane is taken as the undisturbed free surface, the positive x-axis in the direction of the ship's forward velocity.

and the positive z-axis upward. The fluid is assumed to be ideal. incompressible with constant density p. and

its motion to be irrotational. With these assumptions the fluid velocity vector V' 7 ) is represented as the

gradient of the velocity potential ( ) which satisfies the Laplace equation.

V2#(T) = 0 (I)

throughout the fluid domain. On the submerged portion of the ship's wetted surface S, the normal velocity of

the ship is equal to that of the adjacent fluid such that

#n (T) = 0 on S. (2)

On the free surface z = ,(x,y), where C is the free surface elevation, the kinematic boundary condition is

expressed in terms of the substantial derivative D/Dt = a/at + V-V. in the form

(D/Dt)( C- z) = 0 on z = C . (3)

An additional eynamic k'undary condition is obtained by requiring that the pressure on the free surface be

atmospheric:

(1/2)V+*V# + gz = 0 on z - . (4)

Since Eq. (4) holds on the free surface, its substantial derivative can be set equal to zero. This derivative leads

to an exact nonlinear free surface boundary condition.

(1/2)V+ (*.*) + g*z = 0 on z = (. (5)

4



with

= (l/2g)*.V on z = C. (6)

Finally, energy consideration requires that the velocity potential approach the uniform onset flow potential and

that there be no waves far upstream of the ship:

-Ux + o(1/r) x > 0
(7)

-Ux + O(1/r) x < 0

2 2 2 1/2wherer ={x + y + z }

The set of Eqs. (1)-(7) formulates the exact boundary-value problem within the limitations of an ideal

incompressible fluid. However, the nonlinear free-surface condition precludes any solution within the present

linear framework. In the present linear approach we followed Dawson's approximation 4 that the disturbance

due to free surface waves is small compared to the corresponding double-model solution. The total velocity

potential is now expressed as the sum of two potential functions 4 and '

+ = f+*' (8)

where # and 4' are the double-model velocity potential and the disturbance potential due to free surface waves,

respectively. Under the assumption that 4' is small compared to f, the free surface condition in Eq.(5) can be

linearized with respect to *' such that

2 2+ 2 + 2 (f2 +y2) + 20 +y + 2fy(# +

* (4'x2+Oy2) + .('yx2+4y2) ] + g*" --0 on z0 (9)
Vx fx +y )+Vy #x +fy + +z(9

- (1/2g)[U - -# ' -24' x  -2f4'V ] on z = 0. (10)

The simplified form of the linearized free surface condition expressed in terms of double-model streamline

coordinates is written as



(t ! 1 )1 + gfz = 21 2t11 on z = 0 (11)

C= (1/2g)[U 2 + t12- 2t1I ]  onz = 0 (12)

where I denotes the double-model streamline coordinate and subscript I the derivative along the I-direction. The

mathematical formulation then consists of the Laplace equation. Eq. (1). with the boundary conditions of Eqs.

(2) and (1I) on a truncated region of the free surface near the ship, and Eq. (7). Equation (12) is used for the

wave height computation.

NUMERICAL METHOD

The method used here is a boundary element method in which simple Rankine sources are distributed

across each panel. The boundary-value problem formulated above then reduces to a determination of an

unknown singularity distribution over the boundary surface of the fluid domain. Once singularity distribution is

determined as the solution, the hydrodynamic quantities of interest, the velocity and the pressure, are also

determined. The integration of the hull surface pressure gives forces and moments on the ship.

The new and original features of the present approach are summarized as follows:

1. The geometry of all the boundary surfaces is patched by quadratically varying curved panels instead

of flat panels.

2. Linearly varying sources or quadratically varying doublet singularities are distributed on the surface

panel, while existing approaches use constant sources on each panel.

3. A new transom stern condition is used.

4. An automatic method of determining a truncated free surface region and a suitable density of free

surface panels depending the Froude number is implemented.

5. A variety of graphical post-processors have been developed.

The following sections give a detailed description of the advantages of the present approach over

conventional approaches.

6



HIGHER-ORDER CURVED PANEL

We use curved panels instead of flat ones to patch the ship surface. Let S be a true surface element

bounded by four corner points Pl. P2. P3, and P4 as shown in Fig 2. We assume that S may be represented

in the approximate form

Mm) = Co + C + C"hrl + C& , 2/2 + C&IhI h + rM 11 2 12  (13)

where (E,V,) are orthogonal coordinates local to S. The six coefficients (CoC ,. .r. W., )are

obtained by requiring that the approximate surface given by Eq. (13) pass through its four corner points exactly

and through its neighboring points approximately in a least squares sense. That is. for each panel the

expression

N
R = 1/2 W.[C(. 1)-.j2  (14)

j = l J

is minimized with respect to the six unknown coefficients appearing in Eq. (13). The summation in Eq. (14)

ranges over the N neighboring grid points. The choice of the N points and the weights W. has been made in

an attempt to minimize any irregularities that may appear in the paraboloid approximation of the true surface.

In the present formulation the values N = 9,12, or 16 and W. = I or 108 are used depending on the locationJ

of the panel in the surface panel network. A typical 3-D perspective view of the surface panel network is shown

in Fig. 3. Here we use the term network to represent the collection of quadrilaterals. The use of curved panels

reduces the geometric discontinuity (leakage) experienced by the usual faceted flat panel approximations.

Furthermore, the choice of these features is required by the argument given by Hess. 2 that certain computing

methods which use flat panels do not obtain increased accuracy over the basi zero-order method (constant

source on flat panels) even though they use higher-order source distributions. It is shown by Johnson5 that for

purposes of computational efficiency Eq. (13) can be reduced by an appropriate coordinate transformation to

the canonical form

7



.=a&2 + brl2  (F,.flc E (15)

where E is the quadrilateral formed by the projection of the corner points on the (&.Yl) plane. In the case of a

flat panel, a and b are both zero.

Let

&= 1/2 Max { a2 E2 +bfl }, (2.2)1I2 (16)

and assume that

a << 1.0. (17)

Physically, this assumption implies that the surface paneling is fine enough to assume a small ratio of the

height to the maximum diameter of the panel. Under this assumption the integrals associated with the induced

potentials and velocities are expressible as integrals in the E-plane, and all the resultant influence coefficients

are obtainable in closed form. Furthermore, all the influence coefficients associated with the higher-order

curved panel method can be computed from the corresponding integrals pertinent to the zero-order flat panel

methods. Since these additional computations are carried out through a linear recursion relationship, the extra

effort is minimal. The justification of this approximation was given by Johnson. 5 His numerical tests suggested

that & <0.066ensures a sufficiently fine paneling, and that a coarser paneling with a higher ratio gives results

with less accuracy.

The distribution of singularity strengths on a panel S is assumed to be linear in the case of a source

network and quadratic in the case of a doublet network. Specifically, we assume that the singularity strengths a

and Tr at a point (t, VC) on a panel S are given by

Source: a(,,) = 0 + a + 11 (18)

Doublet: T(E.rl) - to + T + -1 + I/2-CE FE2 + + "tIE11 + 1/2 tll rl2 . (19)

8



The coefficients in Eqs. (18) and (19) are determined by using a method of weighted least squares over the

panel and up to eight of its neighboring panels. This method requires that the form of Eq. (18) or (19) gives

exactly the singularity value at its centroid and approximate values in the least square sense at centroids of the

neighboring panels, as shown in Fig. 4. Since the singularity strengths are not known a priori, these

coefficients are obtained as linear combinations of the unknown singularity values at discrete centroidal points.

For each panel L there exists a relationship,

02

03

&I= ( B ]L  ' 5  (20)

(rfL c6

07

(09 L

Here the subscript L identifies the panel of interest and the subscripts 1.2. 3.....9 the local panel indices

associated with the panel L.

The sole reason for this least squares procedure is to express the assumed panel singularity distribution in

terms of a neighboring subset of the unknown singularity, such that this approach requires no additional

control points to those used in a constant-source, flat-panel method. It still gives the full power of the

higher-order singularity method.

INDUCED POTENTIAL AND VELOCITY

Now the velocity potential at P- (x,y.z) induced by a singularity distribution on S is given by

9



Source: = (-I/4n) ff (a/R) ds (21)

Doublet: * = (-1/4n) JI rR.3/R3 ) ds. (22)

where

R = (&-x,r-y.t-z) y -', (23)

2 2 2 1/2R = IRI = I (&-x) +(ry) +(-z)2 }2, (24)

and a and T are given in Eqs. (18) and (19), respectively.

The velocity vector V induced at P is given as the gradient of the corresponding velocity potential. i.e..

v .(25)

We are now in a position to evaluate the integral Eqs. (21), (22). and (25). From the relations of Eqs.

(15), (17), (18), and (19) the induced velocity potential at P(x.y.z) due to the singularity distribution on the

panel L can be expanded in closed form by using a combination of closed form calculations and recursive

relationships. Details are fully included in Johnson's report5 and in Appendix A.

NUMERICAL APPROXIMATION OF THE FAR-FIELD BEHAVIOR OF THE SOLUTION

In the present approach a finite computational domain is used for the numerical computation by truncating

the infinite fluid domain at a finite distance from the ship. If the truncation boundary is located sufficiently far

from the ship, so that the contribution resulting from this truncated region is negligible, this numerical

approximation can be justified. However, unless we specify legitimate boundary conditions on this far

boundary, the solution of the boundary-value problem is not unique and the numerical solution cannot be

justified. In order to render the boundary-value problem unique. or elternati'ely to ensure that the waves

associated with the disturbance appear only downstream. three-point or four-point upstream difference schemes

have been commonly used for the approximation of the terms 1 and (f2 14)1 in Eq. (1lI).

10



(a Oal) i = C4.4 + C4 _ + C4 ._ + C4 (26)
i-i i-I i-2 1-2 i-3"1-3 26

or

(au al). = C3i4 + C3 i-IU- + C3i2- (27)
i i-I I I i-2 1 2 ( 7

where the coefficients C4 and C3 are given by

C4 i-1 dl i-2dl i-3(dl i-3dl i-2)/D4 (28)

C4 = dliI dl i3(dli_3-dlil )/D4 (29)

C4 =- dli- dl i-2(dl i-2dl i-)/D4 (30)

C4 i  =-(C4i. I + C4i. 2 + C4i. 3 ) (31)

where

D4 = dli-I dli-2 dli-3 (di-3"Ali- 1 )(dli-3"di-2 )(dl i-2dli- )(dl.i-1 + dli- 2 
+ dli-3), (32)

or

C3 i = (dl. 2 -dlij1 )/D3 (33)

C3 -- -dl i 2 /D3 (34)

C3 i-2 =d il /D3 (35)

where

D3 = dli. dl. 2 (dli. 1 +dli. 2) (36)

and dli-k = Ii - Ii-k.  (37)

This upstream finite difference scheme for the free-surface boundary condition introduces numerical

dissipation into the physical problem to ensure only downstream waves. However. the extent of this numerical
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dissipation depends on the panel sizes and on the free-surface panel arrangement so that it is hard to control or

to estimate. Furthermore the upstream difference scheme introduces unnecessary numerical dispersion into the

physical problem. An alternative way to ensure no upstream waves is to introduce explicitly an artificial

viscosity, known as Rayleigh viscosity, so that the numerical dispersion due to the difference scheme can be

avoided. The corresponding free-surface boundary condition becomes

# x 2* Xx + 20x y xy + #y2 *yy + 2(#x #xx+# y xy )*x + 2(#x fxy+0 y#yy y

+ v [(2#x+l)W)x + 20yy] + g*z

2[ #x2#xx + 2#x 4y # x y + # y2 #yy + #x xx + #  y  +  x +1) 2 + # y (38)

where U is a small positive Rayleigh viscosity term and *' is the disturbance potential such that = -Ux + 4,.

The derivative terms in Eq. (38) are evaluated analytically through the recursion relationship with minor

additional computations. The dissipation introduced by an artificial Rayleigh viscosity should be small enough

not to damp the solution too much.

The radiation condition of no waves upstream is imposed to make the solution unique. If we had applied

appropriate boundary conditions on this far-field truncation boundary to ensure uniqueness, the approximate

procedures could have been avoided. A physically acceptable uniqueness condition is the condition of no waves

at the upstream truncation boundary. That is.

-0 (39)

"'xx =0. (40)

Once the singularity distributions are determined as the solution of the boundary-value problem formulated

above, the hydrodynamic pressure coefficient can be obtained from the Bernoulli equation

C M p/(]I/2 pU2 ) - I -V 2 /U2 . (41)

A linear distribution of Cp on each panel can be calculated from the values of Cp at the control points. The

12



method used is identical to that for computing the linear source distribution network. On any panel S. we then

have

Cp(&,,r)) = CPO + C p& + Cptlrl. (42)

The force coefficient vector CF on S is defined by

C F = (/S) .1 C p(E, )n(E. ) ds (43)

where S is a specified reference area. After algebraic manipulations, we obtain the following expression for CF

in local coordinates:

CF = (I/S) I -2a[ C(2,1)C + C(3,I)C p + C(2,2)C.pr i

-2b[ C(I,2)CPO + C(2,2)CpA + C(1,3)C 1].

[ C(I,1)Cpo + C(2,1)Cpt + C(1,2)Cp 01 (44)

IMPLEMENTATION OF NUMERICAL SOLUTION

The present method uses a discrete panel method to achieve a numerical solution of the boundary-value

problem. More specifically, the problem is reduced to the determination of unknown singularity strengths at

discrete centroidal points on each panel. A finite set of control points (equal in number to the number of

unknown singularity strengths) is selected at which the boundary conditions are imposed. Application of the

boundary conditions results in a finite set of simultaneous algebraic equations denoted symbolically by

[A) {X} - {B). (45)

Here, {XI Is the vector of unknown singularities. jB' is the vector of specified boundary conditions, and [A]

is the square matrix of influence coefficients. Ai represents the influence of the j-th singularity X on the

boundary condition at the i-th control point.
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While the solution of Eq. (45) may be obtained by using any available numerical algorithm, we have paid

particular attention to the techniques of numerical linear algebra in this research. The part of the matrix

resulting from the ship hull surface boundary condition is diagonally dominant, which has led many

researchers to use iterative methods analogous to aerodynamic computations. When the linearized free surface

conditions are added for the study of free surface flows, this diagonal dominance is lost. It is common for

research purposes to solve free surface flows at a number of different ship velocities without altering the

paneling with fixed sinkage and trim. Letting the number of body surface panels, free surface panels, and the

total panels be denoted by NBP, NFP, and NTOT, it is easy to see that the resulting matrix is of size

2 .2
(NTOT) (NBP+NFP) 2 . (46)

This matrix may be partitioned as

[A] A B AB (47)

AFB AFFI

Only the submatrices AFB and AFF change with ship speed. ABB and ABF being generated from the

no-penetration condition on the wetted hull surface. A partitioned matrix solution technique can be deviced to

eliminate a large number of redundant calculations, requiring matrix work only on AFB and AFF* A major

benefit of this partitioned matrix approach is that only the submatrices need to be in core at any given stage of

computation, which greatly increases the number of ship surface panels and especially the number of free

surface panels available to the user. All the experience of the aerodynamic researchers has indicated an

increasing demand for more panels to enable the study of more complicated geometries. In naval applications

also a large number of free surface panels is often desired and a total of around 1000 can be a serious

limitation. With the program developed here. the only limitations on size are that number of the body surface

panels and the free surface panels must each individually be not more than 900 for use on a CRAY X-MP/12,

and this limit increases to over 1400 on a CRAY X-MP/24 such as ; available at DTRC. Thus the total
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number of panels will be between 1800 and 2800 on the CRAY X-MP family of supercomputers. depending on

available memory sources.

Partitioning the solution vector {XJ and the right-hand side vector {B in a compatible way gives the total

partitioned matrix equation

[ABB A BF X B eB (48)
AFB AFF XF  BF

This equation reduces to

[AFF- AFB [ABB'1 ABF] I {XF -- {BF} - B[ABB_ B B (49)

with X being given by an almost no-cost calculation as

IXB} - (ABB' B) - [ ABBF 1 XF}" (50)

Note that ABe IABF and A.BBI BB can be computed just once so that the only new work of consequence

needed for additional ship speed cases is the above matrix times matrix multiplication and a factorization of the

modified NFP by the NFP free surface matrix in Eq. (49). If the solution for only one Froude number is

required, the total operation count is the usual (NTOT) 3/3 exactly as when no partitioning is used, except that

the operations for the ABB factorization are not repeated.

We have also implemented and extended some very recent advances in squeezing supervector speed out of

matrix multiplication and factorization routines recently developed by Dongarra and Eisenstat. 6 This procedure

improved the vectorization in the present numerical code so much that the resulting factorization times in

portable FORTRAN were significantly better than the previously used LINPACK-based code optimized in

assembly language.

Numerous other vectorization techniques were used which were variations on the theme of creating large

inner loops. In some cases reorganizing algorithms actually decreased the number of operations significantly.

For example, a combination of both techniques decreased the computer time spent in the computation of the
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far-field approximation of influence coefficients by a factor of 85. An example of the first technique arises in

the typical computation

TRJO K = TRIO K + C*TRJ K  I < N (51)

where C is a fixed 3 by 3 coordinate transformation matrix and TRJIK and TRIOK are 3 by 3 matrices. This

calculation is routinely performed in the middle of a large K-loop by calling on a utility routine MXM to

perform the 3 by 3 matrix multiplication of C times TRJ The code can be reorganized so that the K-loop is

around just this calculation, and a vector subroutine can be created with the result given by nine hand-coded

dot products of vectors of length 3. One of the nine FORTRAN lines would read

TRJO(1,I.K) = TRJO(I,1,K)+C(I,1)*TRJ(I,1.K)+C(l,2)*TRJ(2..K)+C(I,3)*TRJ(3,l.K).

This new routine with the key calculation inside a large loop is so efficient that it decreases the computer time

for vectors of length K around 250 or larger by a factor of 15. The current code is now well structured for

inclusion of new modeling approaches and is over 90 percent vectorized for extremely efficient use on Class VI

and Class VII supercomputers. It consists of about 12.000 lines of FORTRAN, 40 percent of which are

comments.

TRANSOM STERN

Most Navy high speed combatant ships have transom sterns and at high speed the flow clears the stern

completely. To model this unwetted transom flow, one suggested approach is to add a cruiser stern-like

extension behind the transom stern and apply the boundary condition +n f 0 on the transom section. This

approach has given results that compare poorly with experimental data. Adeqnte numerical modeling of the

transom stern condition is challenging within the framework of the linearized free surface potential flow

theory. In the basic formulation assumptions have been made that the disturhance created is small enough to

allow the linearization of the free surface condition about the undisturbed free surface , = 0. Several variations
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of numerically modeling have been attempted. The version currently in the program provides the most

reasonable results compared with experimental values. In this approach, we removed the transom Mtern parl

from the hull geometry input data, creating is a hole at the stern of a ship in the sense that the hull is not

completely closed. Along the first row of bottom panels adjacent to the transom stern, the hull surface

boundary condition n = 0 was replaced by the requirement that the flow pass by each panel tangentially. The
n

magnitude and angle of tangential velocity were obtained by extrapolating values from neighboring panels. The

free surface behind the transom exists at z = 0 so that the linearized free surface condition is satisfied. This

numerical model has been tested on the Athena hull form and on several combatant ships.

CONVERGENCE TEST OF NUMERICAL SOLUTION

In addition to the difficulty experienced in the numerical implementation of the radiation condition. there

exist numerous sources of computational uncertainties, such as (1) numerical differentiation and integration,

(2) truncated domain from infinite to finite, and (3) panel size. Furthermore these sources of errors are

interwoven in a compilicated manner. It is not possible to separate and quantify simply each source of error.

Three main attributes generate traceable errors: (I) fore- and aft- truncation boundary. (2) side truncation

boundary, and (3) number of panels for a given finite domain. These attributes are examined separately below.

A Wigley parabolic hullform in Fig. 5 was used for this numerical convergence experiment.

Fore and Aft Truncation

Fore and aft truncation boundaries are always taken the same distance from FP(forward perpendicular) and

AP(aft perpendicular) of the ship, respectively. Their ranges are approximately between 1.5L and 3.2L where

L is the half of the ship length, L=LWL/2. Froude numbers considered were between 0.2 and 0.375. The

side boundary was fixed at y= .OL. The relative error is defined as

[Cw (at x=x i) - Cw (at x=3.2L)]
Relative Error = w

C (at x=3.2L)
w

where C is the wave resistance coefficient and x. = 1.46L. 1.9L. 2.2L. 2.9L. and 3.2L. The results are
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plotted in Fig. 6. The maximum relative error is about 2% and decreases proportionally with increasing

distance of the truncation boundary. For this Froude number range, the truncition boundary x =2.51. seems

sufficiently far away to provide stable results.

Side Truncation

The examined side truncation boundaries were located between 0.5L and 1.6L from the ship's centerline.

Fore- and aft- boundaries were fixed at x=2.OL and the same Froude number range was considered. The

relative error is defined similarly as

(Cw (at y=y)- Cw (at y= I.6L)]
Relative Error =

C (at y= 1.6L)

where y, = 0.53L, 1.OL, 1.25L, and 1.6L. Figure 7 shows the results. The observed maximum error is about

2.5% and decreases linearly with the distance of the boundary. The differences are hardly distinguishable when

y is more than 1.25L.

Panel Size

The last parameter considered is the panel size or number of panels for a fixed domain. The computational

domain was fixed at x= 2.OL fore and aft and y= .OL. The total number of panels for both body and free

surface varied from 612 to 1052. Figure 8 shows the relative error which is the ratio between the difference of

C at 612, 700. 800, 860. 950, and 1052 panels and C of 1052 panels. The maximum error is about 4%.w w

The error decreases rapidly to about I% between 600 and 700 panels, and at more than 700 panels the rate of

decrement is very slow compared with the rate of increment in panel numbers. It appears that, once the

primary variation is obtained, the effect of further refinement of the panel size is not significant. In problems of

this type, with abrupt changes in the boundary conditions (hull-free surface interface) or geometry, there is a

singularity in the solution within a local neighborhood. This singularity leads to the slow convergence of the

solution. Typically a halving of the panel size (which increases the work bv a factor of 4) might produce only a
*

40% improvement in the error. In recent work. Lucas and Oh formulated a new approach to this problem

-----------------------------------------------------------------------------------------
"The Method of Auxiliary Mapping and the Finite Element Solution of Elliptic Boundary Value Problem

Containing Boundary or Corner Singularities ." submitted to IMA J. of Numerical Analysis.
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which has promise for a generalization to the 3-dimensional problem. For the moment, however. abot, all that

can be said is that a meditim-qized grid gives sufficient resolition. Withoilt a new and different approach.

further refinement is probably too costly to be effective.

RESULTS AND DISCUSSION

The first step of the panel method approach is to discretize the fluid boundary in the form of panel

networks. These networks are a collection of either source or doublet panels and are independently defined

over various portions of the ship hull and the free surface as illustrated in Fig. 9. Once this panel dis-

-cretization has been completed, the solution of the boundary-value problem can be carried out.

SPHERE

The first test case is an unbounded potential flow about a sphere in a uniform stream. The solution is well

known analytically. This choice was made to examine the capability of the present approach versus that of the

zero-order flat-panel approach. There is symmetry of the flow about two planes so that only a quarter of the

sphere needs to be paneled. To test the flexibility of the panel method we used two different panel arrangements

as shown in Fig. 10: a regular paneling and a random paneling. The corner points for random panels were

chosen using a random number generator, which led to a wide variation in panel size and shape: the corner

points of regular panels were generated using cosine spacing along the x-direction and uniform spacing along

the transverse direction. Velocity potentials at each of the 12x4 control points are plotted in Fig. 10 as a

function of the x-coordinate. Agreement with the exact solution is good. This example demonstrates the extreme

forgiveness of the method to irregular paneling, a feature which greatly enhances the method's practical utility

for applications involving much more complex configurations. The accuracy and the convergence rate of the

method are also compared with those of the zero-order flat panel approach. Thc results. summarized in Table

I, show the superiority of the present higher-order curved panel method over the conventional zero-order flat

panel method in both accuracy and convergence rate: the present method gives a convergence rate of O(h 2).
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while the rate of the conventional method is only O(h). Here h denotes a characteristic length scale of the

panel.

The results in Table I for the zero-order fiat panel approach were obtained as the special limiting

solutions of the present higher-order curved panel code. Numerical tests showed that the zero-order flat panel

solutions from the present code are exactly same as those from an existing zero-order code. 2

WIGLEY HULL

The Wigley hull is a mathematical hull with a parabolic waterline and parabolic cross section. The

equation used for the surface is

y = (l-x 2)(l-z 2/64)/10, (52)

and the particulars and body plans are given in Fig. 5. Six Froude numbers. 0.25, 0.267. 0.289. 0.316,

0.354, and 0.408, were considered. Extensive numerical tests revealed that the extent of the paneled part of the

free surface must be determined on the basis of the wavelength of the generated waves as well as on the hull

configuration. Numerical tests suggest that a finite free surface region. extending one wavelength upstream

from the bow, one wavelength downstream from the stern, and 3/4 ship length from the centerline to the side,

is sufficient to approximate an unbounded free surface to the desired accuracy.

It is a common practice in the field of computational fluid dynamics to verify the accuracy of a numerical

solution by systematically varying panel densities and then examining the resulting convergence characteristics.

Systematic variations of panel densities on the wetted hull surface and on the free surface were investigated for

this mathematical hull form. During these numerical tests the upstream finite difference operator given in Eq.

(26) or (27) was used to approximate the radiation condition numerically. The effect of the free surface panel

density on the numerical solution was then tested by changing the densities in the lateral and longitudinal

directions. It was found that the numerical results were more sensitive to the variation of the free surface panel

density than to the body surface panel density. This sensitivity may be explained in two ways. First. the free

surface boundary condition is of mixed type involving tangential velocities as well as normal velocities, while
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the body boundary condition is of Neumann type involving only velocities normal to the boundary. Secondly.

we use the upstream finite difference operitnr to compte the streamwise derivatives of the tangential velocities

in the free surface condition. This operator is used to eliminate upstream disturbances numerically. It is well

known that the accuracy of the finite difference operation depends on the size of the basic element. Furtherm-

ore. the artificial numerical damping involved in a specific upstream finite difference operation is expected to

vary with the free surface panel densities.

In the present report, we used for the higher-order panel approach a linearly varying source distribution on

the curved ship hull and a quadratic doublet distribution on the free surface. In order to satisfy the free

surface condition a three-point upstream finite-difference and a four-point upstream finite difference operator

were used for the higher-order panel approach and the zero-order panel approach. respectively. The ship hull

surface was defined using 192 panels (24x8), and 624 panels (52x12) were used to represent the truncated free

surface domain. In Figs. I I through 17, the computed wave profiles and wave-making resistance results, are

compared with the measurements reported by the Resistance Committee of the 17th ITTC(International Towing

Tank Conference).
7

To facilitate comparisons, the following non-dimensionalization has been made:

C (Wave-making resistance coefficient) = Resistance/(1/2 pU 2 S)

2(Wave profile) -= /(U /2g)

where U is the forward speed, g the gravitational acceleration, and S the wetted surface area. Generally

speaking, the advantage of the higher-order panel approach is not evident in these numerical results to the

same extent that the results for the unbounded potential flow show the advantage of the higher-order panel

approach over the zero-order panel approach. The numerical results shown in the Figs. I I through 17 suggest

that a fair comparison of approaches must be made without using an approximate scheme (upstream-finite

difference operator) which induces numerical errors that cannot e estimated easily. The alternative approaches

using Eqs. (38) or (39) and (40) instead of the upstream-finite difference operatnr are expected to provide fair
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comparisons and to show the superiority of the higher-order approach even for the free-surface flow problems.

Figure 18 shows 3-dimensional perspective view of waves generated by Wigley hull at F =0.408. Wave
n

contour plot is shown in Fig. 19.

SERIES 60. CB = 0.60

The body plan and profile drawings of the cruiser stern Series 60. CB = 0.60 hull form are shown in Fig.

20 and the table of offsets is provided in Table 2. In this case. the ship hull surface was defined using 360

panels (30xl2), and 696 panels (58x12) were used for the truncated free surface. Figures 21 through 26 show

the measured and the computed wave profiles compared at six Froude numbers: 0.20, 0.25. 0.30. 0.32. and

0.35. At the forward half of hull the computed wave profiles compare favorably with the measured ones, but

the agreement becomes poorer downstream. The prediction always overestimates the magnitude of the last

crest. The discrepancy near the stern may be explained partially by the fact that growth of a thick boundary

layer violates the underlying assumption of potential flow. and the nonlinear free surface condition should be

taken into account in order to make improvement. Note that the comparison between the computation and

experiment for the Series 60 hull is different from the Wigley hull case in which the prediction always

underestimates the magnitude of the bow crest and shows good agreement in the aft part.

In Fig. 27, the calculated wave-making resistance coefficients are compared with the experimental results

of Kim and Jenkins. 8 It is interesting to note that for both the Wigley and Series 60 hulls the differences

between the measured and the computed wave profiles are relatively small, but the discrepancy in wave-making

resistance between theory and experiment is much greater than expected. As is well known, most of the

wave-making resistance comes from the difference between the integrated longitudinal pressure forces at the

bow and at the stern. Particularly in these two areas. the observed flow seems to violate the underlying

assumptions for linearized potential-flow theory. In Fig. 28 the computed longittidinal wave cut was compared

with the measured one at y/(L/2)-0.7521 and F n= 0.323. Near and aft of the -tern the wave phase is shifted

slightly, but the amplitude shows excellent agreement between calculated and experimental results.
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ATHENA HULL

A body plan of the round bilge, semi-planing high speed ship hull of the Athena is shown in Figs. 29 and

30. and the offsets are given in Table 3. The hull was represented by 23 by 8 panels. The transom stern and

free surface region behind the transom stern were considered as a special section in the computation. A total of

489 panels was used to cover the whole free surface: 48x8 panels for the main portion of the free surface and

15x7 panels for the free surface behind the transom stern. As mentioned previously the transom stern segment

of the body geometry is left unpaneled and a tangential condition was satisfied at the last row of panels of the

hull. Four Froude numbers, 0.350, 0.412, 0.484. and 0.651. were selected from among the test runs of the

ITTC Resistance Committee, and the measured wave profiles were compared with the computed ones in Figs.

31 - 34. At lower Froude numbers a discrepancy is noticable. especially aft of midship. The computational

results show a deeper trough than do the experimental data. Furthermore up to Froude number 0.412 we see a

kink in the wave profile very near the stern which does not exist in the experimental results. This peculiar

result at lower Froude numbers may come from the transom boundary condition incorporated here. since at

lower speeds the transom stern is not completely dry. As speed increases, this phenomenon disappears

completely and the predicted wave profiles smoothly follow the measured ones along the entire hull. These

numerical results indicate that the suggested transom stern boundary condition is well suited to higher Froude

numbers (i.e., dry transom stern), but for lower Froude numbers we will have to develop a wetted transom

version of the stern boundary condition.

Figure 35 shows the wave profiles behind the stern of the ship at two different locations: y/(L/2) = 0.027

and 0.054 for F n 0.484. The computed and measured results show excellent agreement.
n

LARGE COMBATANT SHIPS

As part of an intensive program to study the wave systems generated bY i large combatant ship. DTRC

conducted model tests for three similar hull configurations: Models X. A. and (" (see Beaver's report ). The

purpose of the testing was to study the effects of hull shape changes on the wave generation characteristics.
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Figure 36 shows a comparison of body plans for Model X and Model A. Model X is the existing configuration

and Model A identifies the notched-hull configuration in which the 7.5-foot kide notch extend& the length

between stations 3.7 and 18.8 at the designed waterline. The body plan of Model C is compared with that of

Model A in Fig. 37. Model C identifies a modification of Model A that incorporates only the removal of

volume from the shoulder region between stations 4 and 10. Hull form characteristics of Models X. A. and C

are given in Table 4.

The wave profiles along the hulls were measured at Fn = 0.179. 0.238. and 0.298 between stations 0 and

8 for each configuration. In Figs. 38. 39, and 40 the computed and measured wave profiles are plotted

together to make comparison easier between Models X and A at each speed. In Figs. 41. 42, and 43 the same

comparisons are shown for Models A and C. As shown in these figures. the computed results agree well with

the measured ones for all three models and for all speeds considered, except near the bow region.

Off-body wave elevations for Models X and A were measured at Fn = 0.238 using five capacitance wire

wave probes mounted transversely across the basin. As shown in Fig. 44. the probe locations were approxi-

mately 77, 90. 102, 120 . and 135 ft ship scale off the centerline of the ship. The comparisons between the

computed and measured off-body longitudinal wave elevations at each probe were plotted in Figs. 45 through

49 and their agreements are excellent.

COMPARISON WITH OTHER APPROACHES

DTRC organized a special workshop called "Wake-Off" 10 which was held on 12 and 13 January 1988.

The objective of this workshop was to gather all available numerical codes that may be useful for predicting or

evaluating ship generated waves, wave spectra. wave contour, wave pattern, and wave-making resistance and to

make comparative evaluation of results of these codes for given specific ships and speeds. Two models. DDG5 I

and QUAPAW. were selected and their offsets. particulars. and specific Froude numbers were provided to each

participant. DTRC conducted model tests at the same tine. but the test data were not disclosed to the

participants. This closure provided a blind test for predictive cappbilitv or the various computational

approaches. Twelve computer programs were involved in this worl:shol': fi'e from DTRC. two from
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SAIC(Science Application International Corporation). one each from University of Michigan. Lockheed. SSPA

Maritime Consulting. MIT(MassachusettR Institute of Technology). and Rosen(Engineering Consultant). It was

interesting to see that only two methods. the Havelock source and the Rankine source method. were used

among them. Five computer codes use the Havelock source and the others use the Rankine source method.

Both methods consistently underpredicted the amplitude of the bow wave and overpredicted the amplitude of

the stern wave. Overall, the Havelock source codes provided better results than the Rankine source codes.

especially for the far field wake. Excellent near-field calculations were provided by the codes SWIFT and

FLOPAN which use a higher order Rankine source and a constant source/doublet distribution method.

respectively. These two codes outperformed the methods such as XYZFS which used the constant Rankine

source. As already mentioned, the Rankine source method customarily adopts the upstream finite-difference

operator to satisfy the free surface condition and the radiation condition, but the use of the upstream

finite-difference operator is equivalent to introducing an artificial viscosity. This viscosity effect attenuates the

wave amplitudes significantly as they propagate and the results get progressively poorer far downstream. There

should be a strong effort to develop a computational method that combines the excellent near-field capability of

the Rankine source method with the superior far-field behavior of the Havelock source method.

CONCLUSIONS

A higher-order panel method for the linearized free-surface flow has been developed. The capability of the

present higher-order curved panel method is summarized as follows:

1. The cost of curved higher order panels in the computation of the influence coefficients is not notably

greater than the cost of fiat constant source panels, because of the use of recursive relations from

the flat constant case.

2. The results from the use of curved panel, linear source terms on the ship hull are robust with respect

to the panel size and geometry.

3. The convergence rate for the double body case is O(h2 ). while the zero-order flat panel method gives

O(h).
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4. The free surface calculations have been shown to be robust with respect to changes in the

longitudinal and lateral free surface computational domain and with respect to the panel density.

5. New partitioned matrix techniques have been used to minimize storage requirements and allow the

number of body and free surface panels to be up to 2800 panels.

6. Extensive use of advanced vectorization techniques has made the code highly efficient.

7. A new transom stern condition has been developed and implemented which gives excellent results for

the tested models.

8. A number of tests with the Wigley hull, Series 60, ATHENA. and a large combatant hull have given

excellent comparisons with measurements of wave profiles.

9. A new user-friendly preprocessor program has been developed by Mr. Steven Fisher of DTRC to

provide input to SWIFT.

10. Two new postprocessors have been developed which give graphical results of both th.: wave height

on the ship body and the contours of the wave heights over the computational region (see

Robinson, for example)

RECOMMENDATIONS

1. Since the wave-making resistance is a small quantity whose accuracy depends critically on the

corresponding accuracy of numerical discretization, an approach other than a direct numerical

integration of the pressure should be considered.

2. In order to fully exploit the superior potential of the present higher-order method over the zero-order

approach, the free surface condition should be recast in a form which minimizes the artificial

numerical dissipation and/or numerical dispersion.

Robins. C.R.. "Ship Wave Color Graphics Using DI-3000." Computer Science Senior Project. U. of North
Carolina at Charlotte, 1986.
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3. An accurate prediction of near-field flow around a surface ship is essential for the prediction of wave

breaking near the bow and/or stern, for investigation of pressure distributions (possibly cavitation

inception) on a sonar dome, for tracing bubble sweep along the hull. and for the alignment of

appendages. Since the local and nonlinear effects close to the hull surface are important. a nonlinear

formulation of the free surface flow is needed for the accurate analysis. Commonly used surface

singularity techniques for nonlinear free surface problems are based on the iteration of the unknown

surface wave topology, in which the adjustment of the free surface shape obtained from the previous

iteration is a crucial factor in the convergence and stability of the iterative solution. The present

panel method allows the use of higher order curved panels which can closely approximate the actual

surface topology. Further, the linear variation of surface singularity in the higher-order panel

method enables self-induction effects to be included for each panel. The higher-order panel method

is, therefore, expected to make the iteration solution more stable than that of existing lower order

panel approaches. The nonlinear extension of the present numerical scheme will be the subject of

separate, ongoing work.
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APPENDIX A

COMPUTATION OF VELOCITY POTENTIAL 1

In this appendix we will evaluate the integrals of Eqs. (21). (22). and (25). With the relations of Eqs. (15).

(17). (18), and (19), the induced velocity potential at P(x~y.z) due to the singularity distribution on the panel L

can be expanded as

v =0 I(1,1) + cr& [xl (1, )+I,(2.1) ] + o ll Yi(I l)+Ir(1 2)] (Al)

and

* 0 1 T(1,1) + [xJ (I. I) + I(2, 1) 1 + TIy(.I)+I(. 2)i

+ (I /2)T EE X 21 T(1,1) +2xIT(2, 1) + I(3.1) I + (12-cN 21 (l, 1) + 2I 2)+l (1,3)]

+ T E[ xyI T(1,1)+yI (2,1)+xI (l.2)9IT(2,2) 1. (A2)

Here

I r(M.N) = (-1/4n) {H(M.N,l) + a[hH(M+2.N.3) + 2xhH(M+ l.N.3)J

+ b~hH(M.N+2.3) + 2yhH(M.N+ 1.3)]

+ c[hH(M.N.3)] }(A3)

and

IT (M.N) = (1/411) {hH(M.N.3) + a[H(M+2.N.3)+3h 2 H(M+2.N.5)+6xh2H(M+l,N,5)]

+ b[H(M,N+2,3)+3h2H(M,N+2.5)+6vh2 H(M.N + 1.5)]

+ c[-H(M,N,3)+3h2H(M.N.5)] (A4)

where

c =ax 2+ by - z0  (A5)

h -z - z (A6)
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20=ax 0+ by 0(A7)

(x)M-1Ml N-I

H(M.NK) ff JJ K d%,dlj (A8)

22tx)+r-y'h (A9)

and (x Oy0.O) is the point on E closest to (x,y,O) (see Fig. 2). Since

(8/ax)H(M,N,K) = -(M-I)H(M-1 .N,K) + KH(M + I.N,K +2)

(B/By)H(M,N,K) - -(N-l)H(M,N-I.K) + KH(M.N+ 1.K+2)

(a/8z)H(M,N,K) = -KhH(M,N,K+2) ,(AIO)

the induced velocities are obtained as

V = a (1,1) + a s [a (, 1) +'j (2.1)1] + a b'S O(lI)+J Y(1.2)] (At l)

where

Ta(MN) = O3 (M,N) ,J cry(M,N) , J 3 (M.N) I (A12)

and

3 0,(MN) (-1/4n)( H(M+lN,3) + 3ah[H(M+3.N.5)+2xH(M+2.N,5)]

+ 3bh[H(M +,N +2.5) +2y(M+ IN + 1.5)]

+ 3cIh(H(M+ 1,N.5))J1 (AI3)

3 a (MN) I (14n!)I H(M.N + 1.3) + 3ah[H(M +2.N + 1 .5) + 2,(I+ IN N+ 1 .5)]

+ 3bhrH(M.N +3.5)+2vhWMN +2.5)]

+ 3ch[H(M.N+ 1.5)] (AI4)
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j C(M.N) =(-1/4n)( -hH(M.N,3) + a(H(M+2.N.3)-3h H(M-42.N.5)

+ 2xH(M + I .N. 3)-6xh H (M + I .N.5)J

+ b[H(M.N+2.3)-3h H(M.N+2.5)

+ 2yH(M.N + l.3)-6yhi H(M.N + 1.5)]

+ c[H(M.N,3)-3h H(M.N.5)I ] (AI15)

The corresponding expressions for the induced velocities due to doublet canl be obtained easily by diff-

erentiating Eq. (A2) and then using the relations of Eq. (A10).

If the field point P(x,y,z) is located at a large distance from the panel surface S, the expressions (A3).

(A4), (AM4), and (A15) can be further simplified using a series expansion with respect to origin of the local

coordinate system (t~j). For large values of IPI compared to IQI. we obtain

I a (M,N) = (4l/4n) j El/P + (E2 P)/P 2+ [-E3/2 +3(P E4P)/21/P 3  (A16)

where

El -C(M,N) (A17)

E2 -[ C(M+ 1,N) , C(M,N+ 1) , aC(M+ 2,N) +bC(M.N +2) 1 (A 18)

E3 - C(M+2.N) + C(M,N+2) (A19)

C(M+2,N) C(M + LN+ 1) aC(M +3.N) +bC(M + L.N+ 2)

E4 - C(M+t1,N +1) C(M.N+2) aC(M +2,N+ 1) +bC(MN +3)

~aC(M +3,N) +bC(M + l.N+2) aC(M+ 2,N +1) + bC(M.N +3) 0

(A20)

C(M,N) = H(M,N,O) evaluated at x =v=z = 0. (A2 1)

The leading terms in Eqs. in (A3). (M4), and (Al 1) correspond to a flat panel. The remaining ternms having
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coefficients of a. b. and c constitute panel curvature effects. The corresponding integrals associated with

doublet distribution can be expressed in terms of IT integrals with different comhination of v'altes M. N. and

K. Furthermore. we can show that there exists a recurrence relationships beroeen H(M.N.K) such that the

computation of velocity potential and its derivatives involves only simple algebraic manipulations. The detailed

evaluation of the H integral is illustrated by Johnson5 and the results are summarized in Appendix B.

The total induced velocity potential at P(x i,Yi,Z i ) is. therefore. obtained by collecting individual con-

-tributions due to all the surface panels N.

N
=E +*.. (A22)
JI J

Using the the relation for the source distribution, Eq. (20), the total induced velocity potential and induced

velocities are expressed in terms of N singularity parameters

N
+= . (C*)..Cr (A23)j=l ij

N
Vi - E [ CV ,CVy CV ] i a"  (A24)

j=i x y j

where (C+ )i and [CVxCV YCVz I denote the influence kernels associated with the j-th singularity parameter

evaluated at the i-th control point.
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APPENDIX B

COMPUTATION OF H INTEGRALS

In this appendix we shall summarize the recursion relations which were used for the computation of H

integrals in Eqs. (AI)-(A15). The detailed derivation of these recursion relations can be found in Johnson.5

From the definition of H integrals

(&-x) M1(W)y)N-
H(M,N,K) ff JJ K d~~(B 1)

p= (&-X),+-y), + (C-Z)

where

M =0.1,2,.;N = 0,1.2,.....; K = 1. 3.5.

we can easily show the following identity:

H(M+2,N,K) + H(M,N+2,K) + h2H(M.N,K) =H(M.N.K-2). (132)

Integrating by parts yields second recursion relations

(K-2)H(M,N,K) = (M-l)H(M-2,N,K-2) + Z v &F(M-l .N.K-2) (113)

and

(K-2)H(M,N.K) = (N-l)H(M.N-2.K-2) + Z v )IF(M.N- LK-2). (134)

The summation on the right side of Eqs. (133) and (B41 is over all fomt sides of E shown in Fig. 2. Here v

=V(&iV1) is the unit outer normal to the side of Z and F(NM.N.K) is the line intirgril defined byv

M-1lriY N-I

F(M.NK) JL K (I.(B5)
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Similarly we can devise the recur-Oon relations for the computation of F integrik. From the definition of F

integrals we have the identities

F(M+2,N,K) + F(M.N+2.K) + h 2F(M.N.K) = F(M.N.K-2) (136)

and

v EF(M + ,N,K) + v 11F(MN+1,K) = -aF(M.N,K). (157)

Integration by parts also yields

(K-2)v &F(M,N+ I,K) - (K-2)v 1F(M + 1 ,N.K)

-Nvz F(M,N-I,K-2) - Mv 11F(M-1,N,K-2) + E(M,N.K-2) (138)

where

E(M.N.K) (E-x) (W My) N-1 / ]. (119)

The recursion relations for H and F have been recombined in the present procedure to compute needed H

and F integrals efficiently and accurately. For example, since S is a singular surface for H. the reverse of the

relation Eq. (133) has been used for the field point in the interior of S. Similar care has been exersised for the

evaluation of F integrals. By properly accounting for the singular behavior of H. it was possible to compute

accurate velocities even when the field point is close to the edge or corner of S.
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Fig. 1.- Coordinate system.

P4

Fig. 2. Field point/pane geometry.

Fig. 3. 3-D perspective view of the surface panel network
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A PANEL
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Fig. 4. Network of panels.

Hull Geomeotry

B/L - 0.1000
H/L - 0.0625

CS - 0.444

CPR - 0.667
C, 0.667

C,-0.661

1.000=LOD (where L a LWL)

The hull surface is shown in Figure 5 and ts defined by:

2.0 F 0. F

* POITION OF TRIP WIRE L.W.L.

\1/1 1iH POSITION OF STUDS SiV

Fig. 5. W1gley hull formi (from Shearer and Cross, 1965).
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Fig. 6. Convergence test for X-directon truncation boundary.
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Fig. 7. Convergence test for V-directio truncatn boundaiy.
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Fig. a. convergence test for numnber of panels.

Pig. 0. Iluutration of body and free surface panel network.
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Fig. 10. Regular and random paneling ol sphere.
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Mig. 11. Watve profile compariso for Wig*e hull at Fn=EI.250.
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Fig. 12. Wave profile comparlson for Wigley hull at Ff-O.267.
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Fig. 13. Wave profile comparison for Wigley hull at Frem0.289.
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Fig. 14. Wave profile comparison for Wigley hull at Fnm0.316.

41



0.5 -
Curves

Experimnt (SRI)

0.4 0- Camp. (SWIFT w/ Highr-Order Panel)

03 -4- -Comp. (SWIFT w/ Zero-Order Panel)-

Nz 0

.2

.1

-1. -00.06 -. 4 -.0. 2 0. . . .

-0.52

-0.3 j - - - -

S0.2----------
Cuve

.2

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Longitudlial axis (2xIL)

Fig. 16. Wave profile oompwlson for Wlgley hull at Fn 0O.4O8.
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Fig. 17. Wave-making resistance comparison for Wigley hull.

Flu. 18. 3-D perspective view of Wigley hull generated waves at FinmQ.4O8.
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1.0

Fig. 19. Predicted wave contour plot for Wigley hull at Fn=O.4O8.
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Fig. 20. Unes of Series 60, 09-0.60 (from Todd, 1953).
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Fig. 21. Wave profile comariso for Series 60 at Fn-0.220.
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Fig. 22. Wave profile corrparlson for Series 60 at Fn-0250.
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Fig. 23. Wave profile comparison for Series 60 at Fn-0.280.
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Fig. 24. Wave profile comparison for Series 60 at Fn-0.300.
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Fig. 25. Wave profile ompar-son for Series W at Fr-0.320.
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Fig. 26. Wave profile comparison for Series 80 at Fna0.350.
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Fig. 27. Wave-making resistance comparison for Series 60.
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Fig. 28. Longitudinal wave-cut comparison for Series 60.
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Fig. 29. Body plan of the fore body of Athena.
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FIg. 31. Wave profile comparison for Athena hull at Fn-0.350.
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Fig. 32. Wave profile comparison for Athena hull at Fn=0.412.
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Fig. 33. Wave profile oomparison for Athena hull at Fn=O.654.
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Fig. 36. Body plans of Models X and A-
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F19. 37. Body plans of Models A and C.
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Fig. 38. Wave profie aWong the hull at Fnu-0.179.
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Pig. 30. Waoe profile aWong the hull at Fn-0.238.
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Fig. 40. Wave profile along the hull at Fn=0.298.
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Fig. 41. Wave profile along the hull at F,-0. 179 for Models A and C.
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Fig. 42. Wave Profile along the hull at F.-O.238 for Models A and C.
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Fig. 43. Wave profile along the hull at Fn-0.298 for Models A and C.
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6- - m m- Model X (Swirl)
- -- --- Model A (ExpL.)
---------------------------- Model A (SWIFT)

2 
-o

---
_2 0 2 4 a 1 12 14 1 18 0 2

Ship tatio

R9 6 ogtdhlw tFw028(rb )
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At Probe 2 (DTNSRDC Code 1521 & Code 1522, 4/20/87) - Model X (Expt.)

6------------------------------- - - - Model X (SWIFT)
-4. -- - -- Model A (Expt.)

Model A (SWIFT)

E

2

4

-2 0 2 4 6 8 10 12 14 16 )8 20 22
Ship Station

Fig. 46. Longitudinal wave cut at Fn-0.23 (Probe 2).

At Probe 3 (DTNSRDC Code 1521 & Code 1522, 4/20/ 7)~ Model X(Expt.)
SModel X (SWIFT)

6--------------------------------------------Model A (Ept.)

Model A (SWIFT)

2

-2

-2 0 2 4 6 8 10 12 14 16 18 20 22
ShNp Station

Fig. 47. Longitudinal we cut at F.-0.238 (Probe 3).
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a At Probe 4 (DTNSRDC Code 1521 & Code 1522, 4/20/87) Model X (Expt.)

6----------------------------------------- Model X (SWIFT)

--- -- -Model A (Expt.)
- -- -- -Model A(SWIFT)

0

4

-6

-2 0 2 4 6 8 10 12 14 16 18 20 22
Ship Station

Fig. 48. Longitudinal wave ct at Fn=0.238 (Probe 4).

At Probe 5 (DTNSRDC Code 1521 & Code 1522, 4/20/87) - Model X (Expi.)
6 - - - -___- - Model X (SWIFT)

----------------------------- -. ------ Model A (ExpL.)

------Model A(SWIFT)

E

01- P.

0 N

>4'

-2 0 2 4 6 8 10 12 14 16 18 20 22
Ship Station

Fig. 49. Longitudinal wave cut at Fn-0.238 (Probe 5).
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Table 1. Comparisons between flat panel and curved panel results.

Relative Error( %)

No. of Flat Panel.Constant Source Curved Panel.Linear Source

Panels # #* #* #* # #X t

50 3.43 4.52 1.85 1.85 0.64 0.9b n91 0.91

200 1.71 1.25 0.32 0.32 0.12 0.20 0.27 0.27

520 1.19 0.66 0.22 0.22 0.07 0.17 0.15 0.15

Note Since the body is axisyinmetric. one-quafler of body panels is provided.

The relative error is defined as

comsistrd -nl~i

relative error - ABS(.............. 1 xa-(-I-i ---- 100

Table 2. Tables of offsets, Series 60, C9.0.60.
(from Todd, 1953)

Halt breathk of waterline given as traction of maximum beam ont each waterline

Modal - azlOW Forebody prismatic coefficient w 0.01
W.L. 1.00 is the designed load walterline Afterbody prismatic coefficient - 0.646

Total prismatic coefficient - 0.61

Area as
fraction

__________Waterlinest of Man.
eras114 to

ia. Ta n 007 5 0. 00 0.75 1.00 1.3 1.50 .0W.L.

Fix 0.000 0.000 0.000 0CO0 0.000 0.000 0000 0.042 0.000
% 0.009 032 0.042 0,041 0.043 0.061 0.076 0.120 0.042
1 0.013 0.064 0.062 0.007 0.060 0.102 0.123 CA 01 00
11% 0.019 0.056 0.126 0.141 0.14 0.16410 0.165 0.270 0.1N
2 0.024 0.127 0.176 0.204 0213 0.0 0270 0.26 0.162
3 0.033 0.196 0.34 0.346 020 0.31 0.440 0.831 0-=
4 0.134 0.214 0.436 9-060 0.5 0.12 660117 0662 0475
* 0275 0.466 663 0.16011 0631 0.716 0.764 0. 0600
6 0.466 0600 0.723 002 0.24 0.641 03.20 .0 0771.W
7 COG6 0.773 0.11164 000 03917 0126 0.111 0.94 0111110

O 0611311 0.666 .1033 0.111 0.3771 0.7111 0.11111 0662 0330
6 0.66 1011164 0.673 036 1000 L000 1.000 1000) 036011(
01.00 1.000 10001 10001 1.000 1000 1.000 1.000 1.000
11 0.0 0.111V 0.960 1000 I=0 1000 1.000 10001 00661111

12 0.62 031n 0.3a 004 1.000 1000 1.000 1000 03771
12 0.767 0.6n 0G32 0C62 061167 03694 0.11117 1.000 03311
14 0620 0.701 0.731 0.04 8.9a 067 066.910 0.111111 9.1111
15 8.63 9.11110 0AN 0764 0.1117 0.127 03N7 064 0.730
16 0.20 0.412 0.462 0062 07311 0.07 0332 03751 @330
17 0CAN 0.26 0.23 0.412 0.641 0.73 0.111 0.624 0.44
I3 4.0611 0.112 0.163 0.2116 01 0.5111 0.70 6624 020
116 '132 0.10 0.120 0-1116 0.216l 043 03 0.70 017

i0 Dlid 0063, 0.076 0.0s 011111 G0.20 06530 0606 0.10
ISV% 0.010 0.020 0.02 0.022 0.11 0.163 0.41111 0.57" 0.040

AP 0000 0.66 000 OW 6000 0.00 0.062 0.270 0.420 0.004
Maxahelf 0.710 0.666 0336 1000: 1.000 1.000 1.0010

'As Inaction of maimum lood waterline beam.
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Table 3. Offsets for the high-speed hull, Athena.

Sta. Tao. 0.125 025 0.50 0.75 1.00 1.25 1.50

FP 0.0000 0.0000 0.0000 0.0000 0.0000 0.0048 0.0185 0.0347

1/2 0.0000 0.0000 0.0246 0.0359 0.0451 0.0570 0.0758 010989

1 0.0000 0.000 0.0525 0.0618 0.0959 0.1110 0.1354 0.1637
1 1/2 0.0000 0.0000 0.0838 0.1292 0.1462 0.1675 0.1945 02267

2 0.0000 0.0000 0.1162 0,1756 02035 02257 0.2542 0.2B86

3 0.0000 0.0377 0.195r 02813 0.3104 03396 0.3711 0.4081

4 0.D000 0.1029 02649 0391 0.4218 0.4478 0.4761 0.5129

5 0.000 0.1972 0.3989 0.4992 0.5260 0543 0.5776 0.6078
6 000 0.3036 0.4972 0.6009 0.6246 0.6462 0.6700 0.6990

7 0.000 0.4305 0.6180 0.934 0.7070 0.7263 0.7476 0.7703
8 0.000 0.5918 0.7262 0.7783 0.7830 0.7967 0.8156 0.34

9 0.0000 0.7410 08346 02517 0.5448 0.8568 0.6607 0.8666

10 1.0000 01666 0.9240 0.9136 0.9002 0.9065 01177 0.9199

11 1.0000 1.0000 1.0000 01671 0.9420 0.9381 0.9457 0.9486

12 1.0000 0.6353 01519 1.0000 03762 0.660 02664 0.9

13 .0000 0.4500 0.8424 1.0000 0.9942 03872 01675 0.9688

14 0.0000 03000 0.5765 01801 1.0000 1.0000 1.0000 1.0000
15 0.000 0.0000 0.0581 03113 03665 0.9939 03946 0.9953

16 03000 0.0000 03000 0.7645 0.9575 0.9751 0.9791 0.9799
17 03000 0.0000 0.0000 0.4870 0.9227 0.9478 01505 0.517

16 03000 0.0000 0.0000 0.0871 0.731 0.9106 0.9147 0.9134

18 1/2 03000 0.0000 0000 0 00 01545 01926 01A 0.8899

19 0.0000 0.0000 0.0000 0.0000 018345 0.86 0.8711 0.6669

19 1/2 0.00 0.0000 0.000 0.0000 0 M066 01477 0.8461 0.8416

20 (AP) 0.000 0.0000 0.0000 03000 0.8023 01269 0.216 0.8168

Max. half 0.0073 0.36 0.5431 0.7937 0.9424 1.0000 1.0170 1.030
beam

Table 4. Principal dimensions and form coefficients of Models X, A, and C.

Model X

Pit2,C IO7AL 818"ENSIS NDRO229aS208AL m7ctns

LZI4TA (2.,. * 900.00 ft (274.12 Is 1 C, 0.243 C'p 0.771 As/.x 0.00)
2040M (L2.2 910.65 f (277.57 A) (p * 0.79 CyMp * 0.879 t/Lol 0.111
59.M (1X 1 41.10 ft (4.01 a) C,, 0..4 CVP 0.694 LPISLo 0.000

RAPT (hg) 3 s.34 (2 (I2t.7 .2 CP. * 0.21 CS 2.449 fI/l~d * 0.212
Til2 . 0.00 It (+ tc,) C01 .0.574 1 0.0"42 l/l'5 i 0.04

DiSPLACI ? 70160 L (1"448 0) CPR * 0.S28 L, .(4 6 4.454 fl/.1. - 0.552
100 08 (A'2 2C 12794 2 aq ft (10106.2 el .) CX - 0.931 1X/T, - 3.990 C? * 0.0n27

24 - k7l.341 dz CuP 0.705 A - 0. 00 *.
24 -20.224 d. Ci - 0.512 "B, I 0.000 4.71
1.70 d41742l (07. -2,007 '"/'0 * 0.000 */(.02dO) - 93.42

Model A

PRINCIPAL nt2E"190 HN029i000SI8RAL OVEFFiCIETS

LINCrH (.p) - 000.00 It (274.32 .) C 0.192 Gyp -O.424 &l/4. * 0.000
2.0I[072 (2.22 - 9354 (2 (274.22 .2 Cp .0.287 Copp 0.917 Le/L. * 0.232

59.A9 2l
l )  

- 224.2 82 (14.47 I i C" - 0.2 4,% CoVp& * 0.729 L/p/I2 - 0.000
CRAP7 27I) -3S.1 7t (.92 .2 CpA * 0.615 CA - 2711 lLI 0.:211
T212 * 0.00 ft ( b.) C 0.514 1 0.044 it,2..2  : 0.220
OISPLACx.T 70090 L (7222 92 CfR 0.24 2.2/4 - 7.4 l1/Li * 0.223
40T71O SURF4AC 15267 l9 It (11949.4 .9 A) C 2 -9 0..3;"

I 7.2117 4.... C., 0.729 Ay/0 
l  

* 0.00 T) -. 075

-.25 .22del CUPP 0.597 Iy/1 0.000 .77

i* 20.001 der, Cp -. 922 TT7/? 0.000 92.Ol., 91.81

Model C

PRIOC274L 8190992080 00907909810444L 0005V2Ct9TS

L2.0CrU (L(p) * 000.00 IL (274.32 a) C * 0.516 CvP 0.110 A/R9 * 0.00
(.l807(2 (2.22 . 4.79 ( (278.5) . (p * 0.277 CVFp O.952 2.I/L.2 * 0.2)2I2 2542 - (24.24 i2 (36.45 02 (pF 0.231 (2p4 * 0.724 L/.o 0.000

804?? (T,) - C.0 9, 222.0 .2 C
70  

.0.4 C
4  

2.713 4/1. 0:.211

"829 - 0.00 1 -95) Opt 0.568 2 0.046 0/2L .o0

a'P ACLM'T 70049 L (72222 I) CPR .0.204 2L02t 7.242 '/.2 * O.SS

892102 SURFACE .224490 49 (t (11937.2 84 .) C i 2 020 Ix/Ix 3.490 CT 0.00520

It1.25 RR.. C0P .0.724 47/4. .0.000 * 7.44Y
a 9.12) 4R, - C,( p 0.299 S 24 - 0.040 4.7 14

* 20.007 4"1... CPA - 0,928 TTIT
X  

0.000 &/(.0129LW2 92.24
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